The factors affecting sulfide buildup in gravity sewers are complex, consisting of biological and physical processes, both in the aqueous and the gas phases of the sewer. The rate of each of these processes varies (among other parameters) according to flow characteristics, temperature, and pH. Under fast and turbulent flow conditions, the stripping of hydrogen sulfide into the gas phase may become the dominant process. The paper presents a semiempirical approach to the problem of quantifying hydrogen sulfide emission rates in sewers. Kinetics of hydrogen sulfide emission as a function of hydraulic parameters was measured in the laboratory using methods adopted from flocculation theory. A flocculation unit was used to impart a selected velocity gradient ͑G͒ into the water, and sulfide concentration was measured with time. The process was repeated for a number of G values. Regression analysis was then used to fit the rate of hydrogen sulfide emission equation against G. An equation was developed linking G to H L (head loss) in sewers assuming plug flow conditions. The hydraulic model and the kinetic model were linked (via G) to give the desired rate equation for hydrogen sulfide emission along a sewer line. The model was used to predict H 2 S emission from a uniform flow sewer and the effect of parameters such as pH, sewer slope and degree of fullness was studied. As expected, results show that low pH, high slope, and low degree of fullness enhance emission rates. Reasonable agreement was attained when the model output was compared with measured results from a field test sewer in Virginia, South Africa, under conditions where sulfide stripping was the rate-dominant process.
Introduction
Accumulation Of H 2 S ͑g͒ in the gas space above the flow surface in gravity sewer systems is a detrimental phenomenon for several reasons (Pomeroy 1990; Boon 1992) . First, in the presence of oxygen, sulfide is oxidized by several bacterial groups generating sulfuric acid, which is corrosive to metals and enhances the disintegration of cement materials. Second, inhalation of H 2 S ͑g͒ , even at relatively low concentrations, is toxic to humans. Many deaths during routine sewer maintenance have been attributed to H 2 S ͑g͒ toxicity. Finally, H 2 S ͑g͒ creates an odor problem and its emission in residential areas is clearly undesirable.
The potential for major economic loss arises from sulfuric acid attack of metal and cement materials in sewers and in pumping stations. It should be noted that in modern practice, smalldiameter sewer pipes are invariably made of plastic materials whereas the larger diameter lines ͑Ͼ800 mm͒ are normally made of concrete.
Acidic attack occurs from a number of sequential processes: 1. Biological generation of hydrogen sulfide as a product of heterotrophic sulfate reduction. This reaction requires strict anaerobic conditions that are typically not attained in fastflowing, turbulent-flow, partly full sewers (Pomeroy and Parkhurst 1977) . 2. Emission of hydrogen sulfide into the sewer environment.
Sulfides appear in sewage in two forms, either as metal sulfides or in the dissolved form comprising both H 2 S and HS − (S 2− is negligible at pH values around 7.0). Metal sulfides are solids and therefore not volatile. Hydrogen sulfide, however, can be found in both the aqueous and gas phases. The rate of emission into the gas phase is dependent on pH; the concentration of total dissolved sulfide species in the sewage, flow rate, turbulence intensity (affecting the role of mixing and liquid-gas interface), atmospheric oxygen supply to the sewer environment, and temperature. 3. Dissolution of hydrogen sulfide into the moisture film of the sewer surfaces exposed to the gas phase. 4. Biological oxidation of hydrogen sulfide to sulfuric acid. 5. Chemical attack on the cement and metal materials comprising the sewer/manhole surface exposed to the gas phase.
Components of the cement paste break down when exposed to the acid generated in the biological process. For example, the free lime in the cement is dissolved [i.e., Ca͑OH͒ 2 +2H + → Ca 2+ +2H 2 O], and the integrity of the cement breaks down. Of these five processes, the rate of H 2 S emission into the sewer environment has been only scantily addressed scientifically. Other processes, such as the factors governing formation of sulfides in sewer systems and the biological oxidation of sulfides (either in the aqueous or in the gas phase) have been studied intensively and equations for their predictions have been proposed both for gravity sewers and for pressure mains (Davy 1950; Pomeroy and Parkhurst 1977; ACPA 1981; Nielsen and Hvitved-Jacobsen 1988; Matos and Sousa 1992; Matos and Aires 1995; Elmaleh et al. 1998) .
The most recent approach is to combine a number of smaller models, each one addressing a different process, into a comprehensive model for sulfide generation, emission, and possible corrosion rate (Matos and Sousa 1992) . However, it would appear that the weakest link in most of these models is related to H 2 S emission as a function of the hydraulic conditions.
In the last 2 decades, the Pomeroy-Parkhurst empiric equation has been widely used for the prediction of sulfide buildup in the liquid phase of gravity sewers Dias and Matos 2001; Gostelow et al. 2001; Tanaka and Hvitved-Jacobsen 2001) . The equation was developed using field data gathered for over 20 years in the Los Angeles county sanitation district (Pomeroy and Parkhurst 1977) . The equation consists of two terms: the first predicts the rate of sulfide generation in the sewer and the second represents the rate of sulfide elimination from the liquid phase (i.e., the combined effect of biological sulfide oxidation, sulfide stripping, and indirectly, the effect of natural ventilation on the concentration of sulfide in the gas phase of the sewer):
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where ͓S T ͔= total sulfide concentration ͑mg/ L −1 ͒; S= sewer's slope ͑m/m͒; V= mean velocity in the sewer ͑m/s −1 ͒; d m = "hydraulic depth"ϭcross sectional area of the flow divided by the flow width ͑m͒; t= time ͑h͒; T= temperature ͑°C͒; and BOD ϭ biochemical oxygen demand ͑mg/ L −1 ͒. Out of the three processes described by the second term, Pomeroy and Parkhurst (1977) stated that the oxidation of sulfide in the aqueous phase is the dominant process. Accordingly, they estimated that the stripping from the aqueous to the gas phase is minimal.
Citing Pomeroy, the Environmental Protection Agency (EPA) design manual for odor and corrosion control (USEPA 1985) suggested an analogous equation to quantify the stripping rate alone. The typical sulfide stripping rate obtained when using the EPA manual equation is in the order of 1 mg S / h −1 . Using this figure and assuming a high mean velocity of 3 m / s −1 and pH= 7, sulfide would be reduced from 5.0 to 4.0 mg S / L −1 after 11 km of turbulent flow. This simple example using the EPA equation suggests a serious underestimation of the stripping phenomenon. (There is a small discrepancy between the EPA equation and the original Pomeroy-Parkhurst equation. In the EPA equation the sulfide removal rate is proportional to the H 2 S ͑aq͒ concentration rather than to the total sulfide concentration as in the Pomeroy-Parkhurst model, and there is also a small difference in the constant, 0.69 in the EPA equation, instead of 0.64 in the original PomeroyParkhurst equation.) The objective of the current paper is the development of an equation to improve the prediction of H 2 S emission rates in a sewer line. Emphasis is given to flow and transport regimes in which H 2 S emission is a function of the hydraulic conditions.
Theory and Model Derivation
The general case in which sulfide stripping would appear to be the dominant phenomenon is in partly full sewers with low d / D and turbulent flow, in which the water is in most cases fully aerobic (Matos and Sousa 1996; Hvitved-Jacobsen 2002) . In such cases the following conditions can be assumed: a. There is very little sulfide production in the sewer, since sulfate reduction is hindered by the oxygen concentration. b. Since the flow is fast and turbulent, thick biofilm cannot develop on the wall below the water-air interface, further reducing the potential rates of sulfate reduction in the aqueous phase. c. Most of the sulfide that is released to the gas phase is either oxidized on the walls or removed by convection phenomena, so that the H 2 S concentration in the gas phase can be considered low.
The derivation of the model presented here assumes that the rate of sulfide emission is a direct function of four parameters: dissolved sulfide concentration, the head loss in the sewer (that is a function of the hydraulic conditions), geometrical considerations (e.g., surface area to volume ratio), and pH.
In the following, we present the model derivation in three steps: (1) semiempiric determination of the relationship between batch mixing and sulfide emission at a selected constant pH value; (2) linkage of batch mixing to head loss using the hydraulic characteristics of the flow in the sewer; and (3) preliminary application of the model in an actual sewer.
Mixing Characteristics and Sulfide Emission Kinetics
Conventionally, the rate of exchange of species between the aqueous and gas phases is considered to be equal to the product of the reaction's driving force and a mass transfer rate constant
where ͓H 2 S͔ ͑L͒ = hydrogen sulfide concentration in the aqueous phase ͑mol/ L −1 ͒; t= time (s); K L = overall liquid-to-gas transfer rate coefficient ͑s −1 ͒; K H = Henry's constant (L −1 atm/ mol); and P H2S =H 2 S partial pressure in the sewer gas phase ͑atm͒.
The overall gas transfer rate coefficient K L can be increased by agitation of the liquid phase. Such agitation reduces the thickness of the "hydrodynamic film" that controls the rate of transfer of H 2 S from the liquid phase to the gas phase. The K L value depends on both temperature and mixing conditions in the water. In the sewer environment, the mixing conditions will depend on hydraulic flow characteristics, which can be depicted by the head loss along the line of flow. In water treatment practice (particularly in theory developed for mixing conditions associated with the flocculation-coagulation process) such head loss has been linked to a mean velocity gradient parameter G that is empirically linked to flow characteristics. The parameter G reflects the mixing conditions in a system; the higher the G value, the better the mixing rate in the system (Camp 1969) . It is useful to link G to the mass transfer coefficient K L , as this would enable one to formulate an equation for kinetics of hydrogen sulfide emission in the sewer environment where the flow and physical characteristics are known.
Existing standard flocculation equipment allows one to impart a desired G value into a water batch in the laboratory. In such a batch reactor G represents the turbulence generated by the rotating blades. If the water contains dissolved sulfide species, H 2 S ͑g͒ would be given off from the water at a rate dependent, among other parameters, on the applied G. Thus, a measurement of dissolved species with time gives a measure of the rate of H 2 S emission. Such emission from a batch reactor simulates H 2 S emission from a plug flow reactor, which in turn simulates the emission from a sewer. Logically, one expects the rate of emission to be a function of mixing conditions represented by G, the ratio of the area exposed to the gas phase to the reactor volume, A s / ∀, the concentrations of H 2 S ͑L͒ and H 2 S ͑g͒ , and the temperature T. Recognizing that in the laboratory (and in many sewers flowing part full) H 2 S concentration in the gas phase is very low, the influence of H 2 S ͑g͒ was neglected. Hence, Eq. (2) changes to
where S T = total dissolved sulfide concentration ͑mol/ L −1 ͒. Using a standard flocculator with known G to mixing-speed characteristics, the rate of emission of ͓H 2 S͔ at 20±2°C was measured and plotted against time.
A mathematical integrator program (AQUASIM) was used to fit a variety of possible equations to the experimental data. It was found that for T =20±2°C the best fit (as attained by applying a least square technique) between H 2 S emission and all G values in a batch test is attained when using the following equation:
where K= constant ͑m s −1 ͒. Both Eq. (4) and the second term of Eq. (1) consist of a characteristic length scale, sulfide concentration in the aqueous phase and a hydraulic driving force (they differ from each other by the exponent). It should be noted that while Eq. (1) is a purely empiric term that was aimed at representing the combined effect of at least two processes (sulfide stripping and oxidation), the semiempirical Eq. (4), that is aimed at describing only the stripping phenomenon, maintains dimension consistency. Moreover, this empiric result linking H 2 S stripping rate with G 2 is very reasonable as G's mathematical definition is the square root of the power imparted for mixing, divided by the volume of the water and the dynamic viscosity (Bratby 1980) . In other words, G 2 is proportional to the power imparted to a unit volume of sample. Neither Eq. (4) nor the second term in Eq. (1) depends on temperature. However, the effect of temperature on the sulfide emission rate should not be ignored. On the one hand, lower temperature increases the equilibrium solubility of H 2 S ͑g͒ in the water. On the other hand lower temperature reduces the fraction of H 2 S ͑g͒ out of the total sulfide concentration (by increasing pK s1 ). The theoretical maximum dissolved concentration of H 2 S ͑g͒ in the water is high, ranging between 3,000 and 4,000 mg S / L −1 given a typical sewer temperature of 10-22°C and a H 2 S ͑g͒ pressure of 1 atm (USEPA 1985) . However, the actual total dissolved concentration is much lower depending on the partial pressure of H 2 S that develops in the sewer's gas phase. This, in turn, depends on a multiple of variables such as temperature, the geometry of the sewer, its slope, the degree of fullness, the oxygen concentration, sewer ventilation, and factors affecting the biological activity. Therefore, the change in the theoretical solubility with the temperature, as depicted by the change in Henry's constant cannot be translated directly into a change in emission rate. Moreover, temperature also affects the viscosity of the water, which affects the value of G, although this can be assumed to have a lesser effect on the stripping rate. Given this complex behavior, it appears that the affect of temperature has to be assessed experimentally. Experiments are currently being conducted to develop a mathematical representation aimed at compensating for temperature variations.
In the aqueous phase, sulfide species can be found in the forms of H 2 S ͑L͒ , HS − , S 2− , and their complexes. The individual concentration of these species is a function of both the total sulfide concentration (i.e., the sum of all species, defined as S T = ͓H 2 S͔ ͑L͒ + ͓HS − ͔ + ͓S 2− ͔) and pH. Based on equilibrium and mass balance consideration in the aqueous phase, an equation for H 2 S ͑L͒ concentration is
where Ks 1 , Ks 2 = thermodynamic equilibrium constants for the sulfide weak-acid system adjusted for Debye-Huckel effects. At 25°C and infinite dilution the value of pK s1 [i.e., −log͑K s1 ͒] is 7.0. The literature is inconsistent with respect to the value of pK s2 but in all references it is quoted above 12.5. Therefore, in normal sewer environment where the pH is approximately neutral, ͓S 2− ͔ concentration is totally negligible. Fig. 1 shows a segment of a sewer with length x and a circular cross section with a flow surface width w, wetted perimeter P w , vertical cross-sectional area A, sewer radius r, depth of flow d, and angle ␣. Geometrical considerations show that under any flow condition, ␣ is linked to sewer radius and depth of flow as follows:
Applying Laboratory-Derived Hydrogen Sulfide Emission-Rate Equation to Sewer System
For any situation: surface width: w =2 r sin͑␣͒ ͓m͔; wetted perimeter: P w =2 r␣ ͓m͔; vertical cross section area: A = r 2 ͓␣ sin͑2␣͒ /2͔ ͓m 2 ͔; and for a sewer with length x: surface area exposed to sewer atmosphere: A s = wx ͓m 2 ͔; mixed sewage volume:
Eq. (4), and consequently Eq. (8), are based on data obtained from batch tests carried out in the laboratory. In order to create a link between the mixing regimes in the batch tests and the sewer, a plug flow regime was assumed in the sewer. It was also assumed that sulfide is neither generated nor externally added in the sewer section, and that the H 2 S concentration in the gas phase in the sewer is low (due to both biological sulfide oxidation, and ventilation in the sewer). These assumptions make Eq. (8) applicable in a sewer system. 
where G= mean velocity gradient ͑s −1 ͒; = dynamic viscosity (for water =10 −3 N s m −2 at 20°C); and W= dissipation function ͑N s −1 m −2 ͒. The mean velocity gradient is used because a particular velocity gradient may vary considerably throughout a flocculation reactor and therefore the value at a specific point cannot be determined without solving the complex fluid mechanics problem.
For the batch reactor used in the laboratory experiment, the system dissipation function was calculated using the torque generated by the rotating blades, assuming a steady state energy balance. Similar energy considerations provide an estimate of the integral dissipation function in a straight-line sewer system (Bratby 1980 )
where ␥= unit weight of liquid (for fresh water, 10 4 N/m 3 ); t= retention time (corresponding to the mixing period) (s); and ⌬H x = head loss in a straight pipe of length x ͑m͒.
Combining Eqs. (9) and (10) gives the expression for G commonly used to assess plug flow mixing devices
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Using a Lagrangian frame of reference, the retention time t can be described as the length of the section x divided by the flow mean velocity V.
where G is now defined as a function of distance. In the case of a uniform steady channel flow, ⌬H x / x is equal to the sewer slope S. Hence, Eq. (12) becomes
͑13͒
Combining Eqs. (8) and (13), the desired equation describing H 2 S emission rate into the sewer atmosphere can be written as follows:
For practical purposes, ͓H 2 S͔ L is replaced by the total dissolved sulfide species concentration S T [according to Eq. (5)], as S T is the parameter measured in the field
At this stage it should be noted that: 1. Eq. (15) does not represent all processes affecting the sulfide concentration in a sewer environment, as it neither includes sulfide generation in the sewer nor removal processes (oxidation in the aqueous and gas phases, convection). However, in fast-flowing ventilated sewers where the water is predominantly aerobic Eq. (15) would appear to give a fair representation of the dominant phenomenon. 2. Eq. (15) describes the rate of stripping of sulfide as a function of head loss in a straight line of flow. To take into account the local losses due to bends, jumps, etc., and their impact on sulfide stripping, such head loss can be either estimated directly or the concept of "equivalent length" can be employed (Featherstone and Nalluri 1995). Camp et al.
(1943) also linked G to various local head losses and so these can be incorporated directly into the rate equation.
Materials and Methods

Laboratory Experiments
A standard flocculator [for which the data linking G to speed of mixing (rpm) was provided by the manufacturer] was used. Initial sulfide concentration and pH value were set at 10 mg S / L −1 and 7.0, respectively. pH was kept constant at pH 7.0 using phosphate buffer (KH 2 PO 4 and K 2 HPO 4 with total phosphate concentration =100 mg P / L −1 ). Standard 2 L containers with cross-section area of 115ϫ 115 mm 2 and height of 230 mm were used. Seven experiments were conducted ranging from 150 to 300 rpm (corresponding to G values of 134-501 s −1 ). Measurements of ͓H 2 S͔ ͑L͒ (in duplicates), pH, and temperature were carried out at intervals of 1 -5 min (depending on the G value). All experiments were carried out at 20±2°C. Sulfide was measured using the method suggested by Cline (1969) . A mathematical integrator program (AQUASIM) was used to calculate the value of K, applying a best-fit approach between Eqs. (4) and (5) (as function of G) and the experimental data.
Field Sewer Experiments
Sewer Characteristics
The sewer line, used in the field experiments, was a selected section of the Virginia gravity sewer in South Africa. This sewer section is a straight long pipe, with a length of 657 m, a diameter of 0.8 m, and no side inlets. The large length to diameter ratio generates fully developed flow conditions. The layout and characteristics of the sewer section including Manholes 1-6 are shown in Fig. 2 .
Sampling Method at Field Site
The discharge in the sewer was operated periodically. During the pumping period, flow rate was measured to be 0.464 m 3 /s −1 . The sewer hydraulic regime was assumed plug flow, thus, the kinetic equation for sulfide emission was considered valid. Recognizing that the sulfide entering the system can vary with time, that flow at manholes varies both temporally and spatially, and that inflow occurs over a short pumping period (about 7 min), it was necessary to apply stringent sampling methods in order to obtain meaningful observations. To assess the model, samples had to be obtained from the same specimen of sewage, termed a "slug," as it passes the various sampling stations. To sample the same slug, the exact time of arrival of the slug at the different sampling stations was calculated and samples were taken accordingly. This was carried out as follows: sampling personnel were sited at each manhole. Samples at each manhole were taken relative to the appearance of the frontal wave at each manhole. Samples were taken from Manhole Nos. 1, 3, 4, and 6. Manholes 2 and 5 were not sampled.
Each duplicate of samples was analyzed for the following parameters: total dissolved sulfide and sulfate concentrations, chemical oxygen demand (COD), pH, temperature, and dissolved oxygen. In order to minimize sulfide oxidation, the sampling bottles were filled to the rim and analysis was carried out in the field using a portable Spectroquant (Merck).
Results and Discussion
This section is divided into three parts. First, the results of batch emission tests are presented and the constants of the best fitting (based on a least-squares technique) empirical equation are given. Second, explanation of how to execute the model is followed by numerical runs of the model using a range of common conditions to demonstrate the effect of particular parameters on the hydrogen sulfide emission rate. Third, results of measurements taken from an actual sewer (Virginia, South Africa) are compared with the model output.
Batch H 2 S Emission Tests and Calibration of Kinetic Equation
In order to develop a normalized regression curve for all the experimental results, the following procedure was carried out: Eqs. (4) and (5) were combined to give 
An integration of Eq. (18) yields
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Results of the batch H 2 S emission tests applying seven values of G in the range of 134-501 s −1 are given in Fig. 3 . The constant K was determined by a least-squares analysis with a R-square value of R 2 = 0.988. The value determined was K = 4.0ϫ 10 −9 ͑m s −1 ͒. The experimental results and the analytical solution of Eq. (16) were plotted using a nondimensional form of the total sulfide concentration S T and time. As shown, a good agreement was found between the theory and the results of the seven experiments.
Model Application: Linking Model Equation with Measurable Sewer Parameters
Although the flow in sewers is inherently unsteady, the approach taken as the first step in the development of the model was to assume a steady flow for at least a short period of time. Steady flow can be either uniform or varied, depending on whether the mean velocity is constant with distance. In gradually varied flow there is a slight change in depth with the distance, and numerical methods are usually applied to calculate the water depth at a given distance along the sewer. As a first approximation, uniform flow was assumed.
In order to compute the part-flow hydraulic parameters needed to run the model, the Darcy-Weisbach Eq. (20) for uniform open channels flow (i.e., the head loss per unit length in terms of the dimensionless roughness coefficient , among other parameters) is linked with the Colebrook-White Eq. (21). Eq. (21) describes as a function of the hydraulic radius R and the mean roughness of the pipe wall k ͑m͒
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Eliminating from these two equations gives an explicit equation for the mean velocity in the sewer
where = kinematic viscosity (for pure water =10 −6 m 2 /s −1 at 20°C); V= mean velocity of flow in the sewer ͑m/s −1 ͒; and S f = energy gradient ͑S f = ⌬H x / x͒.
In sewer design, a more widely used parameter describing the roughness characteristics of the sewer is the Manning coefficient n, which is linked to k by the Strickler's equation (Featherstone and Nalluri 1995) as follows:
In the relatively simple case of uniform steady flow, the energy gradient S f = slope of the sewer S. The hydraulic radius R and the mean velocity of flow in the sewer V are then calculated from the knowledge of n Manning and the actual flow rate Q. However, practical determination of hydraulic parameters in pipes flowing partly full is commonly carried out using the chart depicted sche- ͒ХA s /2∀. matically in Fig. 4 . This chart gives dimensionless relationships for part-full flow depth, cross-sectional area, wetted perimeter, velocity, and hydraulic radius as a proportion of the full-depth value. Since the full-flow rate and full-flow hydraulic radius of a sewer section are known, the chart allows an easy determination of the actual height of flow, hydraulic radius, and flow velocity, for a given Manning's coefficient.
Model Execution: Effect of pH, Sewer Slope, and Degree of Fullness on Model Output
To demonstrate the output of the model, sulfide concentration profiles were plotted for a 0.8 m diameter sewer flowing at various degrees of fullness (Fig. 5) , pH values (Fig. 6) , and slopes (Fig. 7) . Initial sulfide concentration in all runs was assumed to be 5.0 mg S / L. To run the model for a given set of conditions (pH, slope, flow rate, and n Manning), the following steps were carried out: 1. The full flow rate Q f was calculated using Eq. (22). 2. Using the ratio Q / Q f and Fig. 4 , the parameters d / D, A / A f , V / V f , R / R f , and P / P f were attained and d, A, V, R, and P (wetted perimeter) were calculated. 3. The flow width w was calculated from P via the angle ␣ as set out earlier in the paper.
4. G was calculated using Eq. (13). 5. Sulfide concentration was calculated as a function of time using Eq. (15). The length of pipe was calculated from Vt and results are presented either along the length of the sewer or as a function of time (see Fig. 6 ). Referring to Figs. 5-7: as expected, the parameters that were found to increase the H 2 S stripping rate were low pH values, high sewer slope, and low degree of fullness. With regard to the effect of degree of fullness: low d / D values (corresponding to low flow rates) result in both low flow velocities (that increase the retention time in the sewer and thus allow more time for sulfide stripping) and in a larger surface area to volume ratio. Therefore, at the lower flow rates, the rate of stripping per cubic meter of wastewater is increased as shown in Fig. 5 . Yet, despite the fact that as a fraction of the total sulfide in the aqueous phase a smaller fraction is emitted compared to lower flow rates, the total flux of sulfide released into the sewer gas phase increases significantly with the flow rate (and with d / D) as shown in Fig. 8 (for a given sewer length). This is particularly important because the occurrence of detrimental phenomena such as corrosion, cement attack, and human poisoning are accelerated by the total flux of hydrogen sulfide into the gas phase, which is a function of the overall emission rate. With regard to pH (Fig. 6 ): a typical municipal wastewater pH range is between 7 and 7.5. For pH= 7 with a common slope of 1% ͑d / D = 0.43͒ and a straight line of flow, a drop in sulfide concentration from 5.0 to 2.0 was attained after around 10 min or about 1,500 m. Local losses can increase the emission rate and typically reduce the time (or distance) significantly. The average sulfide emission rate for such conditions according to the model is 0.32 mg S / ͑L −1 min −1 ͒. With regard to the effect of the sewer slope on stripping (Fig.  7) : high slopes expedite the rate of emission significantly by both increasing the G value and also by increasing the ratio of area exposed to the atmosphere to unit volume of water. For example, the average H 2 S stripping rate (considering a drop from 5 to 3 mg S/L −1 ) for a slope of 0.5% is only 13% of that attained for the same sewer at the same flow rate (D = 0.8 m, Q = 0.5 m 3 /s −1 ) flowing at a slope of 2%. Both slopes are common in sewer design. Such a decline in the total sulfide concentration is attained after 1,159 s for a slope of 0.5% compared to only 154 s in a sewer flowing at 2% slope. 
Preliminary Model Verification-Comparison of Model Output with Measured †H 2 S ‡ aq Results
Emission of H 2 S from a fast flowing straight-line sewer [G range as calculated by Eq. (13) was 486-570 s −1 ] was selected as a means of preliminary assessment of the feasibility of the kinetic equation. Fig. 9 shows a comparison of theoretical versus observed sulfide concentration along the line of flow. It shows the results of sulfide measurements based on four replicates of liquid samples which were obtained at Manholes Nos. 1, 3, 4, and 6 (see Fig. 2 ). The measurements are compared with the theoretical prediction using Eq. (15) and with the EPA equation (USEPA 1985) . Sulfide concentration measured in Manhole 1 was used as the initial concentration in the model, and thus only Manholes 3, 4, and 6 can be considered model-output values.
With regard to the concentration of other parameters measured (i.e., COD, sulfate, pH, etc.), measurement showed that these remained approximately constant along the line of flow, suggesting that sulfide was not generated. However, considering the typical high variability attained when applying such analytical procedures, neither the possibility of sulfide generation nor possible sulfide oxidation can be totally excluded. Water temperature was constant at 23°C . pH value in the sewer ranged from 6.98 to 7.05 in all measurements. Dissolved oxygen concentration was Ͼ5.0 mg/ L −1 in all manholes, suggesting minimal sulfide generation in the pipe. ͓H 2 S͔ L concentrations were calculated from measured S T and pH values.
Referring to Fig. 9 , the sulfide concentrations predicted by the model are higher than the measured ones, but much closer than those predicted by the second term of the EPA equation (USEPA 1985) . The difference between the measured and calculated concentrations could be partly attributed to the effect of head losses due to the six sewer manholes along the sewer. Future inclusion of the effect of local losses will probably provide a better approximation of the actual sulfide concentrations. In addition, given the high oxygen concentrations measured in the sewer, and despite the relatively low oxidation rates reported in the literature, sulfide oxidation in the aqueous phase cannot be entirely ruled out. Inclusion of the oxidation component in the model would further decrease the predicted concentration profile. However, combining the observation of no change in pH and in both sulfate and COD concentrations, and considering the relative slow rate associated with sulfide oxidation (as depicted by the second term of the Pomeroy equation), the fast reduction in the sulfide concentration in the sewer appears to strengthen the assumption that stripping was the dominant process. This conclusion holds for the particular conditions prevailing in the Virginia sewer at the time of sampling. With regard to sulfide generation (sulfate reduction) in the section: the combined results suggest that sulfide generation was insignificant when compared with the rate of sulfide stripping.
Conclusions
A semiempirical model that predicts emission of hydrogen sulfide in sewer lines as a function of the hydraulic characteristics in the sewer was developed. The main idea was to quantify H 2 S emission kinetics accurately in the laboratory as a function of energy input, and subsequently link them with the actual head loss in a sewer. The resulting rate equation is a function of easily measured parameters: total sulfide concentration, pH, width of flow, and cross-section area. In order to use the hydrogen sulfide emission rate equation only the total initial sulfide concentration and pH need to be measured, provided the slope of the sewer is known. V and w are then calculated using the part-full chart, assuming uniform flow conditions. For nonuniform flows a slightly different procedure should be developed following the same fundamental principles. So far the model has been developed for a straight-line flow. However, a correction can be adopted in sewers with bends and other points of local head loss. Camp et al. (1943) linked such head loss to G and hence those could be incorporated into the model. The outputs of the current model and the EPA equation [Eq.
(1)] were compared with measured results from a field test sewer in Virginia, South Africa. The prediction obtained by the current model was much closer to the measured data. The apparent deviation can be partly explained by local head losses in the sewer that were not accounted for in the model, and/or biological sulfide oxidation in the liquid phase. The method principles can be applied to develop equations describing the emission rates of other gas species (such as CO 2 and NH 3 ) from channels, sewers, and natural streams.
Notation
The following symbols are used in this paper: A ϭ vertical cross-sectional area of batch container, or of flow in sewer ͑m 2 ͒; A s ϭ surface area of liquid exposed to gas phase ͑m 2 ͒; D ϭ sewer diameter ͑m͒; d ϭ depth of flow ͑m͒ d m ϭ "hydraulic depth" -cross sectional area of flow divided by flow width ͑m͒; G ϭ mean velocity gradient ͑s −1 ͒; ͓H 2 S͔ ͑g͒ ϭ concentration of hydrogen sulfide in gas phase ͑mol/ L −1 ͒; ͓H 2 S͔ ͑L͒ ϭ concentration of hydrogen sulfide in aqueous phase ͑mol/ L −1 ͒; K ϭ constant ͑m s −1 ͒; K H ϭ Henry's constant (L −1 atm/mol); K L ϭ overall liquid phase gas transfer rate coefficient ͑s −1 ͒; Ks 1 , Ks 2 ϭ thermodynamic equilibrium constants for sulfide weak-acid system adjusted for Debye-Huckel effects; P H2S ϭ H 2 S partial pressure in gas phase in sewer (atm); P w ϭ wetted perimeter ͑m͒; r ϭ sewer radius ͑m͒; S ϭ sewer slope ͑m/m͒; S T ϭ total dissolved sulfide concentration ͑mol/ L −1 ͒; T ϭ temperature ͑°C͒; t ϭ retention time (corresponding to mixing period) (s); V ϭ mean flow velocity ͑m/s −1 ͒; W ϭ dissipation function ͑N s −1 m −2 ͒; w ϭ flow surface width of sewer segment (m); x ϭ length of sewer ͑m͒; ␣ ϭ angle as defined in Fig. 1 ; ␥ ϭ unit weight of liquid (for fresh water, 10 4 N/m 3 ); ⌬H x ϭ head loss in straight length of pipe of length x ͑m͒; ϭ dynamic viscosity (for water =10 −3 N s m −2 at 20°C); and ∀ ϭ volume of reactor (batch equations) or volume of flow (continuous flow equations) ͑m 3 ͒.
